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INTRODUCTION
With the development of shipping and modern marine technology, more ship domestic sewage is discharged into rivers and oceans, which is threatening the marine biological environment and human health. Developing the sewage treatment device with the superiorities of convenient operation, reliable performance and removing pollutants in situ has become a main way to solve the pollution problem of the marine domestic sewage, conforming to the requirements of International Maritime Organization (IMO)'s ship domestic sewage management and international development trends (Oakley ; IMO ). So far, there have existed several ship domestic sewage treatment devices, such as some series based on physicochemical method (including coagulation, sedimentation, adsorption and filtration), American Omnipure processing equipment on electrochemical method, Japan biological contact oxidation device and other devices based on biochemical methods (including activated sludge and biofilm) (Hil ; Bai ; Chen et al. b) . However, these devices have some disadvantages, e.g. unstable efficiency, poor impact resistance, inconvenient operation, and bulky volume. Furthermore, the organics concentration of ship domestic sewage is far higher than that of municipal domestic sewage. It has been reported that the biochemical oxygen demand (BOD) concentration of ship fecal sewage is 1,656 mg/L, and chemical oxygen demand (COD) concentration of mixed sewage of the black water (fecal sewage) and grey water (bathing sewage) reaches to 1,900 mg/L in a German ferry (Dong et al. ) . The conventional processing device is used to treat the ship sewage with a high concentration of organics, which takes up a lot of space in the ship.
The membrane bioreactor (MBR), which is an efficient wastewater treatment technology combining membrane separation technology and biological treatment technology, has several advantages of high biodegradation efficiency, excellent effluent quality, smaller footprint, better antishock loading capability, less sludge production and convenient operation (Wang et al. ; Bornare et al. ) . Benefitting from the better purification and recovery ability for wastewater (Diamantis et al. ; Chiemchaisri et al. ) and the high removal efficiency for trace organic chemical contaminants (Trinh et al. ) , MBR has become one of the most promising technologies for ship domestic sewage treatment. Currently, many treatment devices combined with MBR technology, such as WHMBR, TST, SWCM, have been effectively used in ship. In addition, for the high concentration organic wastewater, the anaerobic MBR has been used successfully (He et al. ) , but there are few studies on ship domestic sewage by aerobic submerged MBR in a higher volumetric loading.
In consideration of decreasing the volume of reactor to save ship space, the pollutant concentration of ship domestic sewage in this study was increased to 3-4 times higher than municipal wastewater, which is especially beneficial to the warships with limited space. The organics removal efficiency of fresh ship domestic sewage by hybrid MBR (HMBR) in high volumetric loading was investigated. The active biological fillers used as carriers of the microorganisms can increase the biomass of aeration pool to promote the removal efficiency of pollutants and restrict the loading impact. The influence factors for organics removal of the HMBR and the kinetic characteristics of biochemical reactions were also investigated.
METHODS

Materials
The COD is the main research object in this study, and is the primary pollutants controlled by the IMO during the period of this study. Compared to municipal domestic sewage, the ship domestic sewage has a shorter discharge period and fewer organics are degraded in the process of sewage discharge. The organics concentration is far higher than that of municipal sewage. The characteristics of ship domestic sewage are shown in Table 1 .
The submerged curtain membrane module, constituting of external pressure hollow fiber membrane, was installed in HMBR. The MBR used in the laboratory experiment was specially made by the Hangzhou H-Filtration Company in China. The flux and area of the ultrafiltration (UF) membrane can be designed based on the requirement of experiment operation. The material parameters of the UF membrane are shown in Table 2 .
The active biological fillers are served as the carriers of the microorganism in the aeration tank. A variety of microelements are added into the polymer material which can promote the rapid attachment and growth of microorganisms. The good hydrophilicity, fast hanging film and large specific surface area of the active biological fillers enhance the amount of attached biomass. The fillers are put into the sludge mixture of aeration tank, and the biofilm formed on the surface of fillers with the sludge mixture flowing through it. The fillers moved and rotated in the action of fluidized sludge mixture and aeration, achieving the purpose of sewage purification.
Experimental setup and operation
The schematic diagram of HMBR is shown in Figure 1 . The integrated treatment device similar to the experimental reactor can be manufactured to be applied in the ships. The whole device is fully closed for the solution of ship motion. The reactor was operated with programmable logic controller (PLC). The inflow was pumped into the aeration tank constantly. The effluent was sucked discontinuously by the suction pump with the suction and pause time of 13 min and 2 min in a suction period, respectively. The running and pausing time of backwash pump were 10 s and 5 s, respectively, which can reduce membrane pore clogging and prolong the membrane operation period. The effluent velocity was adjusted by suction pressure varied from 0.01 to 0.03 MPa. The effective volume of aeration tank was 50 L, the solid retention time was 22 d, and the concentration of activated sludge was about 5,000 mg/L.
The experimental setup was conducted over seven months, and the activated sludge was acclimated to adapt to the high concentration organics of fresh ship domestic sewage in the first month. The removal capacities of activated sludge and UF membrane were explored, respectively. The COD concentration of raw sewage, supernatant (supernatant of sludge mixed liquor in aeration tank) and effluent of the whole reactor were measured.
Analytical methods
COD was measured by potassium dichromate method according to the water and wastewater monitoring analysis method (SEPA ). Dissolved oxygen (DO) and temperature were monitored by Portable Dissolved Oxygen Meter (YSI550A, USA). pH was measured using a pH meter (LEICI, pHS-3C). The weight method was used to monitor the concentration of mixed liquor suspended solids (MLSS).
Kinetic of biochemical reaction in MBR
The Monod and Lawrence-McCarty model has been used to analyze the biochemical reaction kinetic of activated sludge (Liu ) . The Monod equation is suitable to depict the kinetics reaction of MBR with the organics mixing well (Chen et al. a) . The substrate degradation rate v is evaluated by the Michaelis-Menten equation, as follows:
where S is the steady state value of substrate concentration inside the reactor (mg/L), v max is the maximum specific degradation rate (d À1 ), and K s is the substrate half-saturation
where X is the biomass concentration, S 0 is the inlet substrate concentration (mg/L), and t is the operation time. Then, we have
The COD-sludge loading of HMBR ranges from 0.4 to 0.48 kgCOD/(kg MLSS·d) for the higher biomass concentration. The substrate concentration is lower and the microorganism is in the phase of proliferation deceleration in completely mixed aeration tank, S < K s ; Equations (1) and (3) can be simplified as Equation (4):
The kinetic analysis of MBR is formulated on the following general condition: (1) the substrate concentration is uniform in the completely mixed aeration tank; (2) the biomass concentration is constant due to the microorganism being much larger amount in aeration tank and not existing in the influent and effluent.
Performing substrate balance at the steady state is
where Q is the inlet and outlet flow rate (m 3 /d), V is aeration tank volume (m 3 ), and S e is the substrate concentration of effluent from aeration tank (mg/L). Substituting Equations (2)-(5), the substrate degradation rate v can be expressed as
Transforming Equation (6) using Equation (1), the COD-sludge removal loading rate N can be written as
Plotting Xt/(S 0 À S e ) versus 1/S e gives a straight line with slope being K s /v max and intercept being 1/v max .
RESULTS AND DISCUSSION
The removal efficiency of organics by HMBR during stable operation
The COD removal efficiency of HMBR was investigated during stable operation for two months. The COD concentration and removal rates are shown in Figure 2 . In Figure 2 (b), the removal rates can be calculated by
In Equations (8)- (10), R M is COD removal rate of sludge mixture that represents the capability of organics degradation by the activated sludge in aeration tank, R T is total removal rate of entire HMBR reactor containing the microorganism degradation and filtration of UF membrane, R m is removal rate of organics by the interception of UF membrane, and C S , C S and C E are the organics concentration of influent, supernatant of activated sludge mixture in aeration tank and effluent through the membrane module, respectively.
As shown in Figure 2 , the total removal efficiency of COD by HMBR at the starting period was above 90%, and the concentration of COD in the effluent was less than 100 mg/L, below the discharge standard of the IMO. This indicated a good time for the reactor to restart. During the stable operation period of HMBR, the average concentration and the removal rate of effluent COD were 48.5 mg/L and 95.13%, respectively. The organics removal of biodegradation was more than 90%, in comparison with UF membrane being only 5.58%. Hence, the microbial degradation played a significant role for organics removal in submerged MBR (Hong et al. ) . However, 52.68% of the organics in sludge mixture supernatant can be filtrated by the UF membrane, which can ensure the effluent reaches the emission standard in the case of deterioration of biochemical reactions. Attributed to the membrane interception, the amount of retained biomass in the aeration tank of MBR was more than the conventional activated sludge process (ASP), and the biodegradation of refractory macromolecular was promoted as a result of retention time being extended. Furthermore, the proportion of specialdegradation bacteria was amplified owing to the interception of UF membrane. The treated ship sewage via HMBR can be reused to save the deficient fresh water on ship or discharged into sensitive areas (Melin et al. ) . 
The influence of operation factors on the organics removal by HMBR
Effect of DO concentration
The effect of DO concentration on COD removal efficiency is shown in Figure 3 . The DO concentration of activated sludge mixture in the aeration tank was set as 1 ± 0.2 mg/L, 2 ± 0.2 mg/L and 3 ± 0.2 mg/L. For the case of the DO concentration of 1 ± 0.2 mg/L, the removal rates had a great fluctuation. The average COD concentration and removal rate of sludge mixture supernatant were 214.75 mg/L and 77.46%, respectively. The removal efficiency becomes inferior gradually as operation time increases. The microorganisms do not grow normally or reproduce, and there even appears to be massive death due to the low DO concentration of activated sludge mixture. As a result, the high concentration of organics in the fresh sewage was not decomposed. But the average total COD removal rate remained 89.5% with efficient interception of UF membrane.
When the DO concentration increased to 2 ± 0.2 mg/L and 3 ± 0.2 mg/L, the effluent COD concentration were 42.05 mg/L and 19.15 mg/L, and the total COD removal rates were 95.64% and 98%, respectively. Nevertheless, it appeared the bad condition of sludge aging, organics degradation declining, membrane fouling aggravating and the operation cost rising when the HMBR was operated in the long-time high intensity aeration (Fu et al. ) . The test result showed that the DO concentration of 2 ± 0.2 mg/L is suitable for the application of HMBR in high-volumetric loading for ship domestic sewage treatment.
In Figure 3(b) , the removal rates of UF membrane itself are 12.05%, 4.70% and 4.60% with the DO concentration of 1 ± 0.2 mg/L, 2 ± 0.2 mg/L and 3 ± 0.2 mg/L, respectively. It is concluded that the COD removal efficiency of UF membrane improved as the supernatant COD concentration increased. The UF membrane sustained the stable operation of sewage treatment system.
Effect of HRT
Schoeberl reported that extended hydraulic retention time (HRT) increased the efficiency of pollutant degradation. However, the problems of nutrient deficiency and respiration excess of activated sludge occurred at the same time (Schoeberl et al. ) . The HRT of 6 h, 8 h, 10 h and 12 h was applied to examine its influence on the COD removal in our HMBR system (Figure 4) . The COD removal efficiency was affected slightly more by the HRT than that of DO concentration. The average effluent COD concentration and total removal at 6 h were 101.33 mg/L and 89.78%, respectively. It indicated that the pollutants in ship sewage were degraded inadequately by the microorganisms during the shortest tested retention time.
The COD removal efficiency increased slightly with the HRT range of 8-12 h, which was on account of the high sludge concentration in the aeration tank. The average effluent COD concentration was 73.33 mg/L, 47.33 mg/L and 20.0 mg/L, and the total COD removal rate was 92.49%, 95.19% and 97.93% as the HRT of HMBR was 8 h, 10 h and 12 h, respectively. The superficial membrane and gel layer on the film surface were formed and the refractory biodegradable organics were decomposed as the retention time lengthened. The pressure of suction pump changed distinctly for the reason of membrane fouling on the HRT of 6 h, 8 h and 12 h. When the HRT reduced to 6 h or 8 h, the membrane fouling was greatly enhanced by the increase of organic loading rate (OLR), under which condition, higher quantities of un-degraded organics were present in the supernatant of mixed liquor. A higher OLR will increase the possibility of external and internal pore plugging and biofilm growth, besides carbohydrate/protein (C/P) ratio reduced at the lower HRT (Huang et al. ) . More hydrophobic protein-type components that can accelerate membrane fouling are induced to the membrane surface and pores (Meng et al. ) . At the HRT of 12 h, the membrane fouling was caused by the accumulation of dissolved organic matter and biomass deposition on membrane surface. Meanwhile, the volume of treatment device will be enlarged due to the reduction of the volume load of the reactor with the increase of HRT. Therefore, to achieve excellent treatment performance and minimal membrane fouling, the optimized HRT should be investigated. Considering the membrane fouling problem, operating cost and COD removal efficiency, the HRT of 10 h should be applied in the ship sewage treatment plant's operation.
The efficiency of anti-shock loading
The capability of anti-pulsed shock loading
The quality of sewage deteriorated for a short time in ship sailing, and the rapid increasing or decreasing of the pollutant concentration in ship sewage generated a pulsed shock to the treatment device. The reactor volumetric loading decreased to 0.72 kg COD/(m 3 ·d), then added up to 4.8 kg COD/(m 3 ·d) from 2.4 kg COD/(m 3 ·d) sharply; the efficiency of COD removal with the pulsed shock lasting for 24 h is shown in Figure 5 . At the 12th h and 24th h of the low loading shocking, the effluent COD concentration dropped to 3 mg/L and the total removal rate went up to 98.98% and 99.03%, respectively. In addition, the efficiency of organics removal returned to normal values within 12 h and was equivalent to that without shocking. The total COD removal rate was 96.81% as the volumetric loading of HMBR increased rapidly. At the 24th h of high loading impacting, the supernatant and effluent COD concentration reached up to 158 mg/L and 78 mg/L, respectively. The growth rate and concentration of activated sludge in the aeration tank increased gradually as the sludge loading enlarged. Furthermore, the UF membrane intercepted organics of 47.62% in supernatant, achieving a discharge standard. It indicated that the MBR under antipulsed shock loading retains the preferable removal efficiency. 
The capability of anti-sustained shock loading
The concentration of pollutants may be kept at a higher level for a long time in the ship sail, so the HMBR needs the superior removal efficiency under continuous impact loading. The COD removal efficiency of HMBR under the volumetric loading of 4.8 kg COD/(m 3 ·d) lasting for 144 h was exhibited (Figure 6 ). The average COD concentration of supernatant and membrane effluent were 151 mg/L and 90 mg/L under volumetric loading of 4.8 kgCOD/(m 3 ·d), and the corresponding removal rates were 92% and 95.24%, respectively. There is a positive feedback mechanism that the activated sludge concentration in the aeration tank increases rapidly, and the organics removal rate accelerates when the amount of organics increases significantly. When the volumetric loading recovered back to normal at the 12th h, the treatment efficiency of MBR also returned to a satisfactory condition. Therefore, the HMBR has a good resistance to continued high-loading impact, and quickly recovered to the status before shocking. Wang et al. () reported that the A 2 /O-MBR has a better anti-shock loading capability.
When the reactor was operated at the continuous low loading of 0.27-0.39 kgCOD/(m 3 ·d) and high loading of 2.0-5.3 kgCOD/(m 3 ·d) for 30 d, the organics removal rate can reached higher than 92%. However, the membrane filtration resistance increased rapidly as the MBR operated under high volumetric loading for a relatively long period of time.
Mechanism study on COD removal of HMBR
Kinetic study of biochemical reaction
Applying Equations (1)- (7), it is observed that the data of the HMBR test fit reasonably well with the regression lines as indicated by the high regression coefficient (R 2 ¼ 0.9987). 
These parameters and kinetic equation can be used in the design and operation of the biological processes in wastewater treatment. In addition, the K s of MBR summarized from various researches is one order of magnitude larger than the conventional ASP, which indicates that the activated sludge of HMBR is suitable for the high concentration organics treatment.
Organics removal mechanism by membrane itself
Through analysis of organics interception under different above-denominated conditions, membrane interception varies considerably with the concentration of COD in the supernatant. The removal of organics by film alone was low in the system. However, the UF membrane intercepted most of the organics in the supernatant to make up the disadvantage of unstable processing of biochemical reaction. Therefore, organics removal by UF membrane itself was manifested. The mechanism of membrane's removing organics is shown in Figure 7 . The dissolved substances are removed mainly through sieving and adsorption of the deposition layer; part of the organics is wiped by adsorption of surface and pore of membrane. Sieving of 
